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Abstract 
Ash-fall pyroclastic deposits covering Campanian mountain slopes (southern Italy) are very prone to instability under heavy and 
prolonged rainfall. In such a geo-hazard framework, to understand hydrological dynamics of pyroclastic mantle is a further step 
toward the assessment of rainfall thresholds and landslide hazard. In this research, the hydrological and stability modelling of 
representative ash-fall pyroclastic soil mantled slopes of the Sarno Mountains is proposed to assess the role of seasonal 
hydrological variability of the pyroclastic cover on rainfall triggering debris flows. The approach is based on the numerical 
modelling, from seasonal to inter-annual timescales, of unsaturated/saturated flows occurring into the pyroclastic mantle upslope 
of a source area of a debris flow. Modelling results were calibrated by means of field measurements achieved by a monitoring 
station equipped with tensiometers and Watermark sensors. Among the main results, the recorded pressure head time series 
showed a dominant unsaturated condition and a very relevant decrease in the summer season, whose effects are not limited to the 
root zone but extended down to the bedrock interface, about 4 meter deep. This seasonal hydrological regime of the ash-fall 
pyroclastic mantle was correlated both to the distinctive water retention properties of pyroclastic soils and to the existence of a 
deciduous forest, which concentrates the evapotranspiration demand during the dry season. Hydrological and stability modeling 
of the representative slopes allowed the reconstruction of deterministic rainfall thresholds for both dry and wet seasons and the 
assessment of the significant predisposing role of antecedent hydrological conditions  to slope instability during short and heavy 
rainstorms. 
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1. Introduction 
Mountainous areas nearby the Somma-Vesuvius volcanic complex (Campania, southern Italy) are among the 
areas of Italy with the highest geo-hazard owing to the recurrence of rainfall-induced debris flows along slopes 
covered by ash-fall pyroclastic deposits. In such a peculiar geomorphological context, to set up an early warning 
system, finalized to civil defense purposes, several studies were carried out adopting empirical approaches to assess 
rainfall conditions triggering debris flows (1; 2; 3), given a consistent record of landslide occurrences and the 
availability of rainfall measurements by a rain gauge network. Nevertheless, further advances of knowledge should 
concern the understanding of hydrological dynamics occurring within pyroclastic cover at different temporal scales 
and physically-based approaches. On these bases, it is possible to define rainfall thresholds by calculating critical 
values of rainfall capable to trigger landslides and to set a suitable early warning system. Moreover, the temporal 
probability for a landslide to occur (4; 5) can be assessed by connecting rainfall thresholds to statistical hydrological 
analyses. Consequently hazard to landslide triggering can be estimated. It is clear how to figure out the amount of 
precipitation needed to trigger slope failures is a problem of scientific and social interest. 
Rainfall is a recognized trigger of landslides, indeed direct connections between rainfall patterns and shallow 
landslides occurrences are widely recognized in the scientific literature (6; 7; 8; 9; 10). Indeed, hillslope hydrological 
processes such as infiltration and unsaturated throughflow determine an increase of pore pressures with a consequent 
redistribution along the slope, which drops the slope stability as a consequence of several combined mechanisms 
which chiefly determine the reduction of resisting forces by reduction of apparent cohesion and of effective stresses 
(11). 
We present the outcomes of an experimental study based on the integration of hydrological and slope stability 
modeling and in situ hydrological monitoring, aimed at the reconstruction of physical models of initial landslides 
triggering debris flows and simulation of hydrological processes leading to slope instability. For this purpose, we 
carried out a numerical simulation based on a deterministic approach, accounting for a complete hydro-mechanical 
stability modelling of sample slopes (12; 13; 14; 15). 
The modelling was set up taking into account topographic, stratigraphic, geotechnical and soil hydrological 
characterizations of ash-fall pyroclastic deposits, which were carried out for three representative source areas of 
debris flows, occurred in May 1998 in the Sarno Mountain Range (Figure 1). Moreover, the modeling was based 
also on field hydrological measurements collected since January 2011 by a soil hydrological monitoring station. The 
installation was set with a series of tensiometers and matric potential sensors (Watermark sensors) coupled with a 
rainfall and air temperature gauge station. Sensors were installed at different depths, according to the local 
stratigraphic setting (16), which was found to be formed by pedogenised pyroclastic soil horizons and alternated to 
unweathered pumiceous lapilli horizons. Time series of pressure head, measured for each soil horizon, were used to 
calibrate a hydrological numerical model of the pyroclastic soil mantle for 2011. This calibrated model was re-run 
for a 12 years period, beginning in 2000, given the availability of rainfall and air temperature monitoring data. Based 
on this simulated time series, a hydrological and stability modelling of sample slopes was carried out by a 
deterministic approach to identify Intensity-Duration (I-D) and cumulated Event rainfall-Duration (E-D) rainfall 
thresholds (17). 
Main results can be summarized as it follows: (i) identification of an approach suitable to take into account of 
different hazard conditions, related to seasonality of hydrological processes acting into the ash-fall pyroclastic soil 
mantle; (ii) recognition of an important factor of uncertainty that potentially affects empirical rainfall thresholds; (iii) 
focusing the remarkable role of antecedent hydrological conditions as a not negligible predisposing factor to 
instability during short and heavy rainstorms. 
2. The study area 
Rainfall-induced debris flows represent one of the most important geohazard of the Campania region, which has 
shown its catastrophic nature in several deadly events and especially in the high-magnitude events occurred on the 
25th and 26th October 1954 and on the 5th and 6th May 1998, causing the loss of 316 and 161 human lives, 
respectively. Mountain ranges that surround the Campanian Plain and the Somma-Vesuvius volcano represent a 
geological and geomorphological context which is very prone to rainfall-triggered landslides. In fact, they involve 
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ash-fall pyroclastic soil deposits which were mainly erupted by the nearest Somma-Vesuvius volcano during the last 
25 kyr and subordinately by the farther Phlegrean Fields volcanic center. Consequently, due to the mountainous 
morphological setting, ash-fall pyroclastic deposits covering steep slopes are very prone to instability under heavy 
and prolonged rainfall. 
The studied area belongs to the Sarno Mountains, which are formed by a Mesozoic carbonate platform series. The 
latter was subjected to compressive deformations during the Miocene orogenic tectonic phases, which piled it up in 
the Apennines structure (18). Then, during the Plio-Quaternary extensional tectonic phases, the Mesozoic rocks were 
faulted forming the actual mountainous settings and steep slopes (Fig. 1). During the late Quaternary, until historical 
times, ash-fall and pyroclastic flow deposits deriving from eruptive centres of the Campanian volcanic districts 
(Ischia, Roccamonfina, Phlegrean Fields and Somma-Vesuvius) covered these mountain slopes. However, the most 
part of deposits is related to the activity of the more recent Somma-Vesuvius volcano (19 and references therein). 
Volcaniclastic series deposited in these mountainous areas have complex stratigraphic settings due to the alternation 
of unweathered pyroclastic deposits and paleosols, which were formed during stages between consecutive eruptions. 
 
3. Data and methods 
This experimental study was aimed to the detailed reconstruction of physical models of initial landslides 
triggering debris flows (20) and to the assessment of I-D and E-D rainfall thresholds by a deterministic approach 
based on a hydrological and slope stability modeling, coupled with in situ hydrological monitoring. 
The study area is located along the south-western slopes of the Pizzo d’Alvano Mount (Sarno Mountain Range) and 
considered representative for both stratigraphic and morphological settings, which were recognized to be similar to 
those of the typical source areas of debris flows occurring along mountains of the peri - Vesuvian area (21). In this 
area, three source areas of initial landslides (debris slide), which triggered debris flows occurred on May 1998, were 
identified as representative test areas (Fig. 1). Upslope and laterally of these source areas, in situ investigations, 
consisting of topographic measurements, light dynamic penetrometer tests, exploratory trenches and borehole 
infiltration tests, were performed. Moreover, mechanical and unsaturated/saturated laboratory tests were carried out 
on undisturbed samples (14). These data allowed reconstructing detailed 2D engineering-geological models of initial 
landslides, namely physical models consisting on the geometric modelling of soil horizons, whose geotechnical and 
hydrological properties were known by field and laboratory tests. Pre-landslide topographical profiles were 
reconstructed by means of a linear extrapolation technique from transversal topographic profiles surveyed externally 
to the landslide flanks. Specifically, current topographical profiles inside the landslide scars were considered still 
permitting to detect basal rupture surfaces of initial landslides. 
The analysis of stratigraphic data showed the existence of an ash-fall pyroclastic mantle with an average thickness 
of about 4 m, which abruptly reduces to 2.4 m at the landslide’s crown. This assumption was based on the 
observation of negligible erosional processes occurred since the 1998 event. A typical ash-fall pyroclastic 
multilayered mantle was observed, characterized by following principal pedological horizons (22): Bw, C, Bwb, Cb, 
2Bwb and R (carbonate bedrock). By geotechnical identification laboratory tests (USCS): Bw horizon is a loose 
mixture of weathered volcanic sand and silt with low plasticity (SM); C horizons, corresponding to unweathered 
lapilli, are poor and well graded gravels (GP – GW); Bwb and 2Bwb paleosols horizons are sand and silt with low 
plasticity (SM). A vegetation cover represented by a chestnut deciduous forest (Castanea Sativa) and an evergreen 
shrubby brushwood were observed uniformly covering the test areas. 
Another slope sector, located upslope of a fourth source area of a debris flow occurred in May 1998, was selected 
for the installation of the monitoring station (Fig. 1) due to a favorable local logistic conditions and morphological 
and stratigraphic settings similar to those of the three sample slopes. The hillslope monitoring station was set with 16 
tensiometers, 6 Watermark sensors (Irrometers, Inc.), with a pressure head range down to -20.0 m, and 2 ECH2O 
water content (Irrometers, Inc.) sensors. Tensiometers were not provided with pressure transducers, therefore 
pressure head values were read and recorded by an operator with an approximately bi-weekly frequency. Also rain 
and thermo-hygrometer gauges were installed to measure other environmental parameters needed to estimate soil 
water budget. Air temperature, air humidity, Watermark and ECH2O water content sensors were provided with 
automated data acquisition devices (WatchDog data logger, Spectrum Technologies Inc.), which allowed a 
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continuous recording with a 10-15 minutes frequency. Sensors were installed along longitudinal and transversal 
profiles of the slope and at different depths for taking into account of the hydraulic variability due to different 
pyroclastic soil horizons (Fig. 1). Specifically, they were distributed along six verticals forming a cross in a plain 
view and covering a total area of about 50 m2 (Fig. 1). Sensors were buried down to the middle of each pyroclastic 
horizon, with a number decreasing with the depth, in order to consider the greater hydrological variability of 
shallowest horizons. 
The engineering-geological models were used to perform a finite-difference hydrological modeling by means of 
the VS2DTI numerical code (23). The first step was the calibration of the model by matching simulated and measured 
pressure head time series in a short-term period corresponding to the hydrological year 2010-2011.  
 
 
Fig. 1: Engineering-geological models of the four test sites corresponding to source areas (initial landslides) of debris flows 
occurred in May 1998 in the Sarno Mountain Range (Campania, southern Italy). Stability conditions of initial landslides 1 to 3 
were studied and a hydrological monitoring station of the pyroclastic soil mantle was installed above the crown of landslide 4. 
 
The second was to extend backward in time the calibrated model over a long-term time span (2000-2011), for 
which rainfall and air temperature data were collected by the regional meteorological network of the Civil Protection 
Agency (2000-2010). The ground surface of the physical models was set as a vertical flux boundary, to which a 
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variable daily rainfall or evapotranspiration rates was applied (Fig. 2). The boundary conditions in the upstream and 
downstream ends of the domain were set as seepage faces. According to field evidences, the bedrock presents in its 
shallow part, adjoining to the pyroclastic mantle, discontinuity sets with a variable openness and filled by the 
overlying pyroclastic soil horizon (2Bbb). For this reason and according to the estimated porosity of the rock mass, 
also controlled by karst dissolution, the surficial zone of the bedrock was considered with a hydraulic conductivity 
reduced to 5% of that of the deepest pyroclastic soil horizon (2Bbb in Table 1). The bedrock with filled 
discontinuities was set with a thickness of 5 m and a gravity-drainage lower boundary to simulate unfilled open 
fractures in which a percolation process to basal groundwater occurs. We completed these physical models 
considering unsaturated and saturated hydraulic properties of pyroclastic horizons derived by previous researches (14) 
thus setting values of Van Genucthen’s model parameters (24) of Soil Water Retention Curves (SWRCs) and values 
of saturated hydraulic conductivity (Ksat), for each layer (Table 1). 
Time-varying parameters controlling water losses by evapotranspiration, such as Rooting Depth (RD), Activity at 
Root Base (ARB), Activity at Root Top (ART), and the Pressure Head in Root (PHR) were set according to field 
observations and adjustments related to the model calibration (Table 2). Two RDs values were considered to 
simulate respectively the activation of the deepest root system (4.0 m deep) of the deciduous chestnut forest, during 
spring and late autumn, and the soil moisture removal due to the evapotranspiration of the evergreen shrubby 
brushwood which continues also during winter (0.5 m). The ARB and ART, both considered as the ratio between the 
total length of root apparatuses and the soil volume, were determined by field observations and measurements. 
 
The numerical model was calibrated for the monitoring period (2011) by adjusting iteratively saturated hydraulic 
conductivity (Table 1) and root parameters (Table 2), until the lowest value of the sum-of-squared residuals between 
measured and simulated values (objective function) was reached. 
According to field measurements of the winter 2010-2011, the initial pressure head values were set to match 
typical winter values, ranging from -1 m to -2 m, which were comparable to those measured by other authors (25; 26). 
 
Table 1. Saturated hydraulic conductivities (Ksat), SWRC parameters and ratios between vertical and horizontal hydraulic conductivity 
determined for each pyroclastic horizon of the three initial landslide models (14). Key to symbols: Kz = vertical hydraulic conductivity; Kh = 
horizontal hydraulic conductivity; θs = saturated volumetric water content; θr = residual volumetric water content; α and n = fitting parameters.  
 
Soil horizon Ksat (m/s) s r  n Kz/Kh 
Bw 8.34 ×10-5 0.505 0.083 0.884 1.307 1 
C 3.82 ×10-3 0.500 0.001 20.39 1.081 1 
Bwb 2.22 ×10-5 0.663 0.001 0.884 1.307 1 
Cb 1.94 ×10-6 0.500 0.001 20.39 1.081 1 
2Bwb 8.34 ×10-5 0.505 0.083 0.884 1.307 1 
R 3.82 ×10-3 0.030 0.020 4.310 3.100 10 
 
Furthermore, to assess pressure head distribution within the pyroclastic mantle, three observation verticals were 
identified for different slope sectors of the models. The verticals were aligned along the longitudinal profile of the 
slope and consisted of five or four observation points, located in the middle of each pyroclastic horizon. Therefore, 
simulated pressure head values were considered representative of the correspondent stratigraphic horizon. The 
locations of the observation verticals were set in proximity of the field monitoring verticals, in order to make the 
observed and measured data as much as comparable possible. 
The model was calibrated by means of the adjustment of the evapotranspiration rate, which was regulated according 
to the assumption that the greatest part of the water loss in the whole ash-fall pyroclastic column occurs during a 
period not influenced by rainfall (late spring and late summer 2011) and under the evapotranspiration process 
induced by the activity of the deciduous forest. In addition, in this period we considered water losses through the 
carbonate bedrock as negligible due to the limited occurrence of rainfall events and pressure-head values of 
pyroclastic horizons below the Field Capacity (FC). Given this assumption and considering the pressure head ranges 
measured within the pyroclastic mantle, SWRCs of ash-fall soil pyroclastic horizons and total thickness of the 
pyroclastic mantle involved in the seasonal hydrological dynamics, a total annual amount of soil moisture available 
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for the evapotranspiration process was estimated in about 500 mm. The observation that minimum values of 
pressure head never reached the wilting point, allowed to infer the equivalence between potential and actual 
evapotranspiration and therefore the appropriateness of the Thornthwaite’ s equation (27) to calculate monthly and 
annual actual evapotranspiration. The annual evapotranpiration rate estimated by this formula gave a value well-
matching with that derived by field monitoring, thus confirming further the suitability of the method. Thereby the 
calculated monthly rates of actual evapotranspiration were downscaled to the daily rates, according to the typical 
Leaf Area Index (LAI) pattern for deciduous forests (28; 29). More precisely, a Gaussian-shape time-distribution 
model of daily rates of actual evapotranspiration was adopted. Accordingly, a peak daily rate value of about 7 mm 
was set during the period of maximum activity of plants (June to September). Differently, a constant minimum value 
of about 0.05 mm was set throughout the dormant period of the deciduous forest, characterized by no leaf activity 
(October to March). 
 
Table 2. Root parameters adopted in VS2DTI model to simulate soil moisture extraction by plant transpiration within the pyroclastic mantle. 
Period 
(month-month) 
Rooting Depth 
(m) 
Activity at the Root Base 
(m-2) 
Activity at the Root Top 
(m-2) 
Pressure Head in Root 
(m) 
Jan - Feb 0.5 0.1 0.1 -150.0 
Mar - Dec 4.0 1.5 1.5 -150.0 
 
Fig. 2: Setting of the hydrological slope model for one of the four test sites corresponding to a source area of debris flows 
occurred in May 1998. 
 
 
Finally, slope stability conditions were calculated by limit equilibrium approach with the simplified Bishop method 
(30), applied with drained conditions and considering the surveyed rupture surface. Shear strength of pyroclastic soils 
was calculated taking into account both saturated parameters (14) and the effects of unsaturated conditions on the 
stress state (31) with the unified effective stress criterion for variably saturated conditions (32). 
 
4. Results 
During winter-early spring period of 2011, field monitoring showed pressure head values ranging between -0.5 m 
and -2.5 m, due to an approximate balance between infiltration and gravity drainage taking place in this rainy period 
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of the hydrological year. Later starting from April, pressure head values showed a progressive and rapid dropping 
due to the decrease of rainfall and the increase of the evapotranspiration demand (Fig. 3). 
 
Fig. 3: Pressure head distribution in the multi-layered pyroclastic mantle over the hydrological year 2010-2011. Daily 
evapotranspiration rates, timely distributed by a Gaussian-shape model, are also shown. 
 
Maximum fluctuations of pressure head values were observed in the shallowest horizon (Bw), even though 
significant but more smoothed variations took place in deeper soil horizons. Starting from November, thus from the 
beginning of the rainy period, a gradual raise of pressure head values was recorded involving initially shallower soil 
horizons and belatedly the deeper ones. This wetting hydrological dynamics of the pyroclastic mantle was also 
documented by visual observations of the infiltration front deepening carried out in exploratory pits. Another 
important result of field measurements is the observation that saturated conditions were never observed, even after 
the heaviest rainfall of March 2011. 
The hydrological numerical model was calibrated according to field measurements reaching a very good match 
between simulated and observed values, except for the period between the end of September 2011 and October 2011. 
During this period, infiltration processes due to intense rainfall and thunderstorms were not well simulated likely due 
to hysteresis of unsaturated hydraulic properties occurring between drying and wetting conditions and the need to 
adopt a wetting SWRC, which was not available. The effect of entrapped air within the soil pores was another 
guessed reason of such behavior. 
The long-term simulation (2000-2011) was set considering initial pressure head values derived by a first warm-up 
run based on values measured at the end of December 2011. From results of this simulation, median values for 
January months were calculated and used as initial conditions for the second run of the long-term simulation of the 
period 2000-2011. Results of the long-term simulation were used to perform a statistical analysis finalized to 
calculate the minimum, median and maximum pressure head values for each horizon of the pyroclastic mantle either 
for each year of the period and for the entire period. Average minimum and maximum pressure head values of the 
2000-2011 time series were used as initial conditions for simulating effects of constant-intensity rainfall on models 
of the three sample slopes. Results obtained by these simulations were used for the slope stability calculations. 
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Specifically, these hydrological simulations were set with constant rainfall rates of 5, 10, 20 and 40 mm/h, with time 
steps of 10 minutes and observation nodes set along the rupture surface as it was reconstructed by topographic 
surveys. Given the constant rainfall intensity, the slope stability analysis carried out for each time step allowed to 
identify the rainfall duration leading to slope failure. In this way, values of Intensity-Duration (I-D) and cumulative 
Event rainfall-Duration (E-D) rainfall thresholds were estimated by a deterministic approach. 
 
 
Fig. 4: I-D and E-D rainfall thresholds obtained by hydro-mechanical deterministic approach of three sample slopes accounting 
for antecedent hydrological conditions at the end of winter and summer seasons. Empirical rainfall thresholds by Guadagno (1) 
and worldwide (7) are also shown. 
 
Moreover, the coupled hydrological and slope stability modeling, led to define rainfall thresholds for wet (winter) 
and dry (summer) seasons by means of a power-law best-fit regression of I-D e E-D rainfall conditions for three 
representative landslides (Fig. 4).  
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5. Discussion and conclusions 
From December 2010 to April 2011, both measured and simulated pressure head values were in good agreement 
with those detected by former studies (33; 34). Differently, during the summer season they were found to decrease 
down to -20.0 m, thus being significantly below the limit previously observed (about -8.0 m). From the analysis of 
the pressure head regime, a dominant unsaturated condition, with high seasonal fluctuations, were measured. The 
higher values of pressure head measured during winter are controlled by the combined effect of rainfall and 
unsaturated flow processes as well as by the very low evapotranspiration demand. Contrarily, between April and 
June, the important lowering of pressure head values is strongly controlled by the decrease of rainfall, increase of air 
temperatures and of evapotranspiration demand, which depends on the fast growth of leaves of deciduous chestnut 
forest. Pressure head in the uppermost part of the pyroclastic cover varies more rapidly than in depth, where 
hydrological response is delayed and damped. Specific conditions existing within the ash-fall pyroclastic soil cover, 
such as composite layering and spatial variability of thicknesses, which depends on slope angle, control the 
distribution of pore pressure within hillslopes during rainfall events as well as the localized increase of pressure head 
due to the reduction of the draining section. The progressive decrease of the hydraulic conductivity with depth and a 
constant low permeability paleosol at the bedrock interface further favors the existence of ephemeral throughflow 
processes within the pyroclastic mantle, especially during the wet season. 
The fractured and karstified carbonate bedrock drains the ash-fall soil pyroclastic cover toward the deep 
groundwater mainly during the wet season when pressure head values are well above the field capacity and water for 
gravity-driven flow is available. The high depth of groundwater circulation, as it is typical of carbonate aquifers of 
southern Apennines, prevents any hydrological influence of water table fluctuations on the pyroclastic mantle. 
The obtained results demonstrate the strong influence of antecedent hydrological conditions on rainfall I-D and E-
D rainfall thresholds (Figure 4).The calculated I-D and E-D rainfall thresholds show a good match with other 
empirical hydrological thresholds obtained for the peri-Vesuvian area (1). In addition, they show higher intensity and 
duration than I-D rainfall thresholds found in other areas of the world as well as than the worldwide threshold (7). 
This can be attributed to the peculiar hydraulic and geotechnical properties of soils, such as low unit weight, high 
hydraulic conductivity and high shear strength. In contrast, the summer hydrological threshold shows a positive shift 
toward higher intensity and duration values, thus demonstrating the strong influence of antecedent hydrological 
conditions on rainfall events capable to trigger initial landslides. This significant difference can be addressed to the 
peculiar hydrological status of the pyroclastic cover, at the end of the summer season, which requires the restoration 
of soil moisture for about 125 mm each meter of thickness (500 mm for a thickness of 4 m) to reach typical pressure 
head values of the winter season. This observation explains the limited chance for an initial landslide to be triggered 
during or at the end of this season owing to the greater amounts of antecedent rainfall needed for developing 
pressure head values comparable to those existing during winter. The obtained results highlight the role of 
antecedent hydrological conditions in pyroclastic soil mantled slopes as a key factor controlling the rainfall 
thresholds (35) that trigger debris flows in the peri-Vesuvian area. Therefore, in the analyzed geomorphological 
context, debris flows mostly occur at the end of winter or beginning of spring. In contrast, debris flows were 
observed more frequently during early-autumn rainstorms where thinner ash-fall pyroclastic deposits are present, 
such as the Lattari and Salerno mountains, bordering the south-western sector of Campanian plain. 
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